Abstract: Three-dimensional (3D) topological insulators (TIs) are candidate materials for various electronic and spintronic devices due to their strong spin-orbit coupling and unique surface electronic structure. Rapid, low-cost preparation of large-area TI
thin films compatible with conventional semiconductor technology is key to the practical applications of TIs. Here, we show that wafer-sized Bi 2 Te 3 family TI and magnetic TI films with decent quality and well-controlled composition and properties can be prepared on amorphous SiO 2 /Si substrates by magnetron cosputtering. The SiO 2 /Si substrates enable us to electrically tune (Bi 1-x Sb x ) 2 Te 3 and Cr-doped (Bi 1-x Sb x ) 2 Te 3 TI films between p-type and n-type behavior and thus study the phenomena associated with topological surface states, such as the quantum anomalous Hall effect (QAHE). This work significantly facilitates the fabrication of TI-based devices for electronic and spintronic applications.
Three-dimensional (3D) topological insulators (TIs) have a bulk gap and gapless surface states including an odd number of Dirac cones in a surface Brillouin zone. 1, 2 The topological surface states are spin-momentum-locked and are protected by time-reversal symmetry from perturbations such as structural defects, disorder and nonmagnetic impurities. Various exotic quantum effects have been observed or predicted in TI-based materials or structures, such as the quantum anomalous Hall effect (QAHE), topological magnetoelectric effect and chiral Majorana superconductivity. These effects can be used to develop low-energy-consumption electronic devices and topological quantum computers. Recently, TIs have also attracted much attention for their possible applications in spintronic devices. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Integrating TIs into the mature semiconductor technology is of key importance to realize their full potential for electronic or spintronic applications. Currently, 3D TI materials are mainly prepared by bulk Bridgman growth [13] [14] [15] , chemical vapor deposition (CVD) 16, 17 or molecular beam epitaxy (MBE) [18] [19] [20] . It is difficult to obtain large-area 3D TI films with well-controlled properties by Bridgman growth, and CVD-grown TI films usually need to be transferred from the growth substrate onto other substrates for various electronic devices. On the other hand, the low growth rate and high cost (especially for large wafers) of MBE make it less favored for the mass production of TI-based materials and devices. Magnetron sputtering is a low-cost, high-yield growth method compatible with conventional semiconductor technology.
The method is particularly capable of fabricating thin films with complex structures and compositions, which is crucial for applications of TI materials in various devices.
However, samples grown by magnetron sputtering are polycrystalline and usually have rather low carrier mobility, which restricts the applications of this technique to the growth of semiconductor materials. 21, 22 In this study, we grew wafer-sized scattering of the surface states. 15, 23, 24 A second increase in R xx when T is lower than 7 K can be ascribed to the quantum correlations to conduction, 15 , which is similar to those of the MBE-grown films of similar composition and thickness. 23, 24 Moreover, Figure 2c shows the Hall resistance of sample BST2 as a function of 60% of the quantum Hall resistance (h/e 2 ). More importantly, the existence of robust ferromagnetic order in both p-type and n-type Cr-doped TI thin films grown by magnetron sputtering and the V g -independent coercive field shown in Figure 4b demonstrate the occurrence of carrier-independent bulk van Vleck magnetism, which is consistent with the reports in the literature. 30, 32 Nevertheless, the QAHE has not been observed in our Cr-doped TI films grown by magnetron sputtering. In the quantum anomalous Hall regime, R AH should reach a maximum, and R xx should exhibit a dip at the charge neutral point. 20, 33, 34 This signature has not been observed in our CBST thin films at T=2 K. The R AH /R xx (0) ratio of the CBST thin film, however, has a maximum of approximately 0.2 at V g =20
V (see Supplementary Information S6) , which exceeds the Hall angle of usual diluted magnetic semiconductors. 30 Therefore, the quantum anomalous edge states in CBST might contribute to carrier transport. We believe that it is possible to observe the QAHE in CBST thin films grown by magnetron sputtering if the quality of the sample is improved further by reducing the sputtering rate, controlling the amount of Cr more precisely and adjusting the annealing process, among other measures.
In summary, we have demonstrated that it is possible to grow Bi 2 Te 3 family TI thin films on amorphous SiO 2 /Si substrates by magnetron sputtering. Our work provides a large-scale method to produce bulk insulating TI thin films with tunable transport properties. Both the ARPES data and the ambipolar field effect point to the conclusion that the topological surface states can very well exist in these sputtered, polycrystalline thin films. An unusually large value of 60% of the quantum anomalous
Hall resistance is observed in Cr-doped BST films, and more efforts are needed to obtain an ideal quantum anomalous Hall insulator. The magnetron cosputtering growth provides a first yet important step towards the large-scale fabrication of multilayer films with complex structures for future spintronic devices. 
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